Changes in the grain size of tin (Sn) crystals associated with a thermal cycling treatment were investigated for layers of Sn-2 mass%Bi electroplated on Fe-42Ni substrates in order to clarify the effects of post-plating reflow. Morphology of plated surface was observed by scanning electron microscopy (SEM) and scanning ion microscopy (SIM), and the Sn-grains were observed by electron beam back scattered diffraction (EBSD). Microstructures were also analyzed with a transmission electron microscope (TEM) in order to investigate the process of whisker formation. It was found that the Sn grains in Sn-Bi specimen are smaller than those in pure Sn specimen at the initial state of as-plating, after the reflow treatment and after the thermal cycling treatment of 1500 cycles. On the Sn-Bi specimen without a reflow treatment, short whiskers had grown after 100 cycles of thermal cycling treatment, but on those with the reflow treatment, relatively-long whiskers were formed after 500 cycles. The grain sizes increase temporarily after the reflow treatment and also after the very early stage of thermal cycling treatment, but gradually decreased with the thermal cycling treatment. The phenomenon is explained by the ''deformation and recrystallization'' effects of the thermal cycling treatment.
Introduction
Due to restriction of hazardous substances for environmental concerns, lead (Pb)-free materials should be used in electronic devices and components. The need for using Pb-free solders and plating, such as pure-Sn and Pb-free Sn alloys, has invoked ''spontaneous formation of whiskers'' as a revival issue. There have been a lot of investigations on the origin of whisker formation so far. 1, 2) It was believed that the movement of dislocations plays a primary role in whisker formation (dislocation mechanism), 3) but now a stress gradient inside the Sn layer and Sn-atom transport are thought to be the important factors for whiskers. 4, 5) Various attempts for mitigation against the whisker formation, e.g., alloying to be Sn-Ag and Sn-Bi and thermal processing such as a reflow treatment, have been made. However, the mechanism of whisker-growth has not been well understood and the complete prevention from whisker formation has not yet been established to date. In the present work, with focusing attention to the grain size of Sn crystals that is considered as one of the factors inducing whiskers, 6) the changes in grain size with the thermal cycling treatment were investigated in order to clarify the effect of post-plating reflow treatment.
Experimental
Samples were prepared by electroplating a matte Sn-2 mass%Bi film about 10 mm thick with a methansulphonic acid (MSA) based commercial electroplating solution on a substrate of Fe-42 Ni. The current was 10 A/dm 2 (1 Â 10 3 A/m 2 ). The substrates for test-piece were specially designed for experimental examination to have components of combshaped leads. Figure 1 shows schematically a typical shape of the substrate. The sizes of substrate were 36 Â 36 mm 2 and 0.2 mm in thickness, and the width of leads was 0.3 mm.
Samples of a matte pure-Sn plating on the substrate were also prepared for reference. A reflow treatment at 260 C was done for some of the samples. Thermal cycle treatments were applied to these samples up to 1500 cycles in the way that the high and low temperatures were 85 and À40 C, respectively. The durations to hold the specimen at the high and the low temperatures were about 1 Â 10 3 s for each, and therefore one cycle took about 2:4 Â 10 3 s (40 min). After the thermal cycling treatments of 100, 300, 500 and 1500 cycles, the surface morphology of the samples were observed with a scanning electron microscope (SEM; JSM-5300LV (JEOL)/ a digital image capture) and a scanning ion microscope (SIM) in a focused ion beam mill (FIB; FB-2000K (Hitachi)). Crystal grains were observed by electron back scattered diffraction (EBSD; TSL) after planing off the surface of sample with the FIB mill. Cross sectional TEM specimens were made by using the FIB mill with a micro-sampling unit. Figure 2 show a set of SEM and FIB-SIM images of the specimens with/without the reflow treatment, and before/ after the long-term thermal cycle treatment for pure-Sn and Sn-2 mass%Bi. The pure-Sn specimen without reflow treatment has equiaxed grains about 10 mm in diameter, but precipitates of an intermetallic compound (IMC) such as Ni 3 Sn 4 are not recognized at grain boundaries nor inside the grains before the thermal cycle treatment. After the thermal cycle treatment, a lot of whiskers are formed on the surface, and the Sn grains have become large as a double tens micrometer. There are few precipitates of IMC, indicating that the formation of large precipitates is limited to the region near the interface of Sn/substrate. 7) For the specimen with reflow treatment, Sn grains have grown to be much large, and many precipitates of IMC are formed both at grain boundaries and inside grains. Su et al. 8) also reported the EBSD result for the grain growth after a reflow treatment. After the thermal cycle treatment, there are not whiskers observed on the surface, indicating that the reflow treatment has an effect to suppress the whisker formation on pure-Sn plating. For the specimen of Sn-2 mass%Bi without reflow treatment, Sn-grains are about a few micrometers in diameter, being smaller than those in the pure-Sn specimen. After the thermal cycle treatment, the surface becomes rough but whiskers are not formed, showing a distinct alloyingeffect to suppress the whisker formation. In the specimen with reflow treatment, Sn grains have large sizes, but still small compared with those in the pure Sn specimen, and their distribution is not uniform. The number of precipitates is also smaller than that in the pure-Sn specimen. However, after the thermal cycle treatment, Sn grains have become large, associated with precipitates of IMC, and whiskers are seen to be formed on the surface. Figure 3 shows a SEM image of long whiskers of a columnar-type grown after 1500 cycles. The result shows that the reflow treatment weakens the effect of Bi-alloying to suppress the whisker formation. It is still controversial how the reflow treatment accelerates the growth of whiskers for Sn-Bi alloy plating.
Experimental Results and Discussion
In order to clarify the effect of reflow for Sn-Bi alloy plating, the variations in microstructure were observed for earlier stages of thermal cycle treatment. Figure 4 shows series of SEM images of the Sn-2 mass%Bi specimens with and without reflow treatment and before and after thermal cycle treatment of 100, 300, 500 cycles. The observed area was the central part of lead-component. It can be seen that for the specimen without reflow treatment, the surface becomes rather rough and a number of short whiskers are formed after 100 cycles, and thereafter these whiskers are developing gradually. For the specimen with the reflow treatment, on the other hand, the surface changes little until 300 cycles, but a relatively large whisker grows after 500 cycles. This result shows that the reflow treatment suppresses the formation of small nodular whiskers in the earlier stage but accelerates the formation of long columnar ones in the later stage. Figure 5 shows another series of changes in surface morphology and EBSD inverse pole figure maps (normal direction) for Sn-2 mass%Bi specimens without and with the reflow treatment. The FIB-SIM image before FIB-planing and the EBSD map taken after FIB-planing are for the identical region in each specimen. It is clearly seen that the specimen without reflow treatment is made of Sn-grains around 10 mm in diameter and the grains near-by have the nearly same orientations as one another to form a colony of grains. After 100 cycles, the surface becomes already rough but the grain boundaries have vanished apparently. It is thought that grain boundaries have been annealed out in part by heating in the thermal cycle treatment. However, there is a possibility that the region is still made of small domains divided by low-angle boundaries which are not detected by the EBSD under the present condition. In the later stage of thermal cycle treatment, distinct grain boundaries are inserted to divide the grain to be small ones. After the reflow treatment, on the other hand, the Sn grains have been grown to be large, but thereafter they are divided to smaller ones gradually with the thermal cycle treatment. After 500 cycles, there are grain-colonies about 100 mm in diameter that are made of small domains about 10 mm in diameter.
From the experimental results shown in Fig. 2 where the grain sizes are estimated in the specimens before and after a long thermal cycle treatment, the grain size seems apparently to increase monotonously, but it is not the case. The thermal cycle treatment gives the specimens the effects of ''coldworking'' and ''annealing'' that promote ''deformation'' and ''recrystallization'', respectively. Then, the reflow treatment and/or the first heating in the thermal cycle treatment are thought to have an annealing effect to grow up the Sn-grains. In the thermal cycle treatment, the heating process has an annealing effect as well as a deformation effect due to the difference in thermal expansion coefficient between the Sn-plating and substrate, and the cooling process has a deformation effect to insert stress and dislocations. Therefore the repetitive ''cold-working'' and ''annealing'' i.e., ''deformation'' and ''recrystallization'' have a role of ''insertion of dislocations'' and ''rearrangement of dislocations''. Therefore, the grain size of Sn crystals increase up temporarily by the reflow-treatment and/or the first heating in the thermal cycle treatment and then decreases gradually toward a certain value by the following thermal cycle treatment. In this connection, reduction in grain size promoted by a thermal cycle treatment was reported for pure-Sn plating on a Cu substrate 9) and also other metal materials. 10, 11) In the present case, the initial value of grain size before the reflow treatment or thermal cycle treatment is small compared with that after a long term thermal cycle treatment, leading to the result shown in Fig. 2 . As shown in Figs. 4 and 5, whiskers start to grow after 100 cycles on the specimen without a reflow treatment and after 500 cycles on the one with a reflow treatment. The EBSD result in Fig. 5(b) indicates that the underlying Sn layer has large grains and the whiskers have also the same orientation as the underlying layer. In the Sn layer made of small grains, on the other hand, whiskers have a different orientation from that of the domains near by in the underlying layer, as indicated in Fig. 5(d  0 ) . This suggests that the formation mechanism could be different between the whiskers in Figs. 5(b) and (d 0 ). The relationship in crystallographic orientation remains as a controversial issue though. In this connection, Kim et al. 12) discussed the whisker formation on Sn-10%Bi on a substrate of Cu and Fe-42%Ni with thermal cycling treatment and found that short whiskers grew more on pure Sn than on Sn-Bi.
Long whisker 50µm
As discussed above, the thermal cycling treatment has a two-way effect of deformation and recrystallization. Then the specimen without a reflow treatment has a heterogeneous distribution in grains size, owing to a heterogeneous effect of recrystallization from location to location. Figure 6 shows the microstructures near the root of a whisker grown in the region of large grains and in the region of small ones. The whiskers indicated with an arrow in (a) and (b), and in (a 0 ) and (b 0 ) are the identical ones, respectively. EBSD maps attached are for the cross sections shown in (b) and (b 0 ), respectively. One can see that the surface of these specimens have the almost same morphology as each other. The EBSD maps show again that a whisker grown on a large grain has the almost same orientation as the grain, and the one on a small-grain region is located on the grain boundary and has a different orientation from either of the grains on the boundary. There are two possible explanations for Fig. 6(b) , as follows: One is; a whisker grows directly from a large grain. Whiskers grown in such a way was observed in a specimen for examination of whisker growth due to external stresses, 13) where the whisker growth is thought to be assisted by dislocations. The other explanation is; a whisker of a different orientation grows in the way as in the case of small grains, but thereafter the orientation becomes to be the same due to recrystallization. Unfortunately, it is not clear which is for the present. However, it is thought that the specimen without the reflow treatment contains defects and stresses in the early stage of thermal cycle treatment and they accelerate the growth of whiskers. Once a lot of whiskers start to grow, the flow of Sn atoms can be absorbed by the further growth of these whiskers. Then many whiskers are formed but most of them are short in length. On the other hand, the reflow treatment anneals out the plated specimen to retain less defects and stresses, so that there are few nuclei for whisker to grow in the early stage of thermal cycle treatment. In the later stage, the grain size become small as shown in . The electron diffraction patterns confirm the relationship in orientation between the whisker and the grain under its root to be almost the same and quite different, respectively. The difference in brightness of TEM image between the whisker and the grain under the whisker in (c) is attributable to small differences in orientation and in foil-thickness. The region near the border between the whisker and the grain under the whisker is seen to be extremely small in foilthickness. This morphology is attributed to an opening of grain boundaries due to formation of voids as clearly seen in (c) and preferential diffusion of Sn atoms near boundaries, a typical example of which is shown in Fig. 7 . It is also found in (c) and (c 0 ), the regions near the whisker root contain relatively many defects such as dislocations and subboundaries in comparison with regions far from whiskers. This strongly suggests that defects play an important role in the growth mechanism of whiskers. The growth process and the participants of defects will be discussed elsewhere.
Concluding Remarks
The surface morphologies and microstructures were observed for the specimens of Sn-2 mass%Bi with and without reflow treatment after the thermal cycle treatment, and the following results were drawn.
(1) The Sn crystals in Sn-Bi specimen have small grain size compared with those in pure Sn specimen. (2) The Sn crystals in both of Sn-Bi and pure Sn specimens without reflow treatment are smaller in size before thermal cycling treatment than those after it. (3) The Sn crystals in Sn-Bi specimen increase their grain sizes temporarily after the reflow treatment and the heating process in the early stage of thermal cycling treatment, and then decrease the grain sizes associated with the subsequent thermal cycling treatment. The reduction in grain size reflects the competitive effects of repetitive deformation and recrystallization. 
